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Abstract
The relation between El Nin˜o-Southern Oscillation (ENSO) and Pacific Decadal
Oscillation (PDO) perplexes the researchers. Probably, this is due to the de-
fault choice on empirical orthogonal function (EOF) method whose outputs
are merely static maps without evolution characteristics. To change this
situation, the new extreme-point symmetric mode decomposition (ESMD)
method is tried. It reveals that: (1) As the ENSO concerned, the key modes
are the quarter-decadal and half-decadal ones; (2) As the PDO concerned,
the key modes are the half-decadal, decadal and interdecadal ones; (3) The
half-decadal mode can be seen as a mutual component for ENSO and PDO
and it plays a key part in the so-called “ENSO-like” variation of PDO. In
addition, an integrated version of ESMD is developed for time-space evolu-
tion. Its outputs have verified the warm-cold shiftings of ENSO and PDO
for the most typical episode during 1997-2000.
Keywords: extreme-point symmetric mode decomposition (ESMD)
method, El Nino-Southern Oscillation (ENSO), Pacific Decadal Oscillation
(PDO), empirical orthogonal function (EOF) method.
1I note that this work had been finished on December, 09, 2016, and the patent appli-
cation for “Integrated ESMD Method for space-time data analysis” had been submitted to
the patent office of the People’s Republic of China on January, 11, 2019. Relative to the
conventional empirical orthogonal function (EOF) approach, the advantage of
the integrated version of our ESMD method goes without saying (please see
the fresh figures in the last)!
Preprint submitted to December 5, 2019
1. Introduction
The ENSO, varying between anomalous warm (El Nin˜o) and cold (La
Nin˜a) states in the tropical Pacific, is a prominent climate phenomenon af-
fecting extreme weather conditions worldwide (Cai et al 2015, Yeh et al 2009,
Enfield 1989). The PDO, shifting between anomalous warm and cold regimes
in the North Pacific, is also a prominent one (Mantua et al 1997, Nathan
and Steven 2002). Together with ENSO, the PDO becomes an important
target of ongoing research within the meteorological and climate dynamics
communities, and they are central to the work of many geologists, ecologists,
natural resource managers, and social scientists (Newman et al 2016).
There is a popular belief that the ENSO and PDO differ in their time
scales. The ENSO cycle has a significant interannual variation with period
of about 2-8 yr [2-7 yr (Capotondi et al 2015, Collins et al 2010), 3-7 yr
(White and Cayan 1998) or 3-8 yr (Deser et al 2012)]. Yet that for PDO has
a significant decadal or interdecadal variation with period of about 9-30 yr
[15-25 yr (Minobe 1999), 15-20 yr (Chao et al 2000), 9-25 yr (Tourre et al
2001), 10-17 yr (Lluch-Cota et al 2003) or 10-30 yr (Yang and Zhang 2003)].
We note that, in addition to the 15-25 yr band, Minobe (1999) had also
found another one with 50-70 yr which accords with the documented cycle
with duration 52 yr delimited by the typical regime-shift years 1925, 1947 and
1977 (Mantua et al 1997). But, as argued by Chao et al (2000), the regime
shifts also occur around 1941-42 and 1957-58 and the significant variation of
PDO should be in a shorter time scale. Notice that the PDO represent not a
single physical mode but rather a combination of many processes (Newman
et al 2016, Newman 2007, Chen and Wallace 2016), the ENSO may be also
a combined one. A more convincing viewpoint is: “Both the occurrences of
PDO and ENSO are due to the superposition of many intrinsic modes with
different time scales”. Certainly, how to find these modes is a challenge to
the researchers and it becomes the topic of the present article.
It is also known that the PDO is usually described as a long-lived “ENSO-
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like” variation due to the similarity of its typical spatial-pattern to that of
ENSO (Newman et al 2016, Zhang et al 1997, Chen and Wallace 2015).
This similarity perplexes the researchers. One paradigm views the PDO as
an independent phenomenon centered in the North Pacific, while another
regards it as a largely reddened response to ENSO forcing from the tropics
(Shakun and Shaman 2009). Comparatively, the latter viewpoint attracts
more supporters (Shakun and Shaman 2009, Newman et al 2003, Deser et
al 2004, Lorenzo et al 2010, Vimont 2005), after all the pattern similarity
implies a potential correlation. This debate has been continued and the
question “does the PDO exist independent of the ENSO cycle?” is still in
suspense till now (Chen and Wallace 2015). Probably, the PDO and ENSO
are two aspects of one thing and their relation can not be understood as one
dominating another. From the viewpoint of mode decomposition, there may
exist mutual interannual modes for them which result in pattern similarity
and, beside of the mutual ones, the PDO may also possess other specific
modes which contribute to decadal or interdecadal oscillations.
There is an essential difficulty for describing ENSO and PDO that the sea
surface temperature (SST) varies not only with time but also with space. For
the sake of statistical forecasting, Lorenz (1956) proposed the EOF method
which has now been borrowed as the default approach for time-space data
analyses. It can output several spatial modes together with same amount
of principal components (PCs). By the way, according to the decomposition
rule, the PCs only reflect the intensity-changes of their corresponding spatial
modes and they can not be seen as intrinsic temporal modes of the original
time series. For example, in narrow sense the PDO is the leading PC of EOF
respect to the SST anomalies (Mantua et al 1997). Its corresponding spatial
mode is a static map with low temperature in the central North Pacific and
high temperature along the west coast of North America (or the inverse). In
the same way, the EOF method also yields a static map to the ENSO relative
to certain historical data. Notice that these static maps have no evolution
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characteristics, it is nothing strange for the existence of difficulty in distin-
guishing PDO and ENSO. Moreover, as reviewed by Cai et al (2015), debates
also persist as to whether the central Pacific El Nin˜o, whose spatial pattern
resembles the second spatial mode of EOF, is part of the ENSO asymme-
try or a distinct mode. In fact, Monahan et al (2009) had already pointed
out the shortcomings of EOF method: “its individual spatial mode neither
corresponds to individual dynamical mode nor be statistically independent of
other ones”. In addition, the EOF method can not be used solely. It needs
not only a “detrending” technique to eliminate the non-stationarity (such as
the global-warming effect) but also a “running-mean” processing to filter out
the high-frequency signals (such as the seasonal variation). In view of the
fact that ENSO cycle varies between El Nin˜o and La Nin˜a states in inter-
annual time scales, its spatial pattern should adjust accordingly. Similarly,
that for PDO should also adjust in a slower manner. Hence, to reflect their
time-space evolutions objectively it requires a method innovation.
In the recent years we have developed the ESMD method for data analysis
(Wang and Li 2013, 2015), which has advantage in revealing the multi-scale
variations for non-stationary time series. In the present article we use it to
explore the key modes for ENSO and PDO. To reflect the spatial variations,
an integrated version of ESMD is also developed here. Its outputs differ
from the static maps given by EOF method and the spatial patterns actually
possess real-time adjusting characteristics. These are the real time-space
evolutions.
2. Data and Methods
The observed monthly SST data during 1880-2015 are from the improved
Extended Reconstructed Sea Surface Temperature version 4 (ERSSTv4, http://www.ncdc.noaa.gov/data-access/marineocean-data)
from the National Climate Data Center of the US. The Nin˜o-3.4 index is from
the Climate Prediction Center [monthly ERSSTv4 (1981-2010 base period)
Nin˜o 3.4, http://www.cpc.noaa.gov/data/indices].
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The ESMD algorithms are taken from our previous works (Wang and Li
2013, 2015). By the way, the simple ESMD guideline and its corresponding
software are provided in a free-access manner with a link (http://blog.sciencenet.cn/blog-686810-691899.html).
The integrated version of ESMD is implemented as follows: (1) For each grid
point, to execute the ESMD decomposition on its corresponding time series
and get a series of temporal modes; (2) To unify the number of modes, for
example, to limit it to be 5. If the number is more than 5 then take the sum
of the fifth and the latter ones as Mode 5, for the inverse case assign 0 to the
missing ones in the direct way; (3) To fix the time, collect the corresponding
values of the interested modes for all the grid points and plot them on the
whole region. For example, respect to Jan.1997 one can pick the correspond-
ing value from the sum of Mode 2-5 to each grid point and integrate them
into the first subgraph of Fig.4; (4) To change the time, repeat the above
process and get a series of spatial patterns.
3. Main Results
To analyze the temporal variations of ENSO and PDO, the grid point
A (0◦, 130◦W) on the equator and the grid point B (42◦N, 130◦W) in the
North Pacific are taken as representatives (denoted by two circles in Fig.5).
By executing the ESMD method on the monthly-mean SST time series (from
Jan.1880 to Dec.2015) for point A it yields some decomposition results in
Fig.1. Similar results can be gotten for point B (includes 6 modes and a
remainder R, the figure is omitted here). Here the first modes accord with
the strongest seasonal signals and their mean variation-ranges (from winter
to summer) attain 2.5◦C and 7.0◦C at points A and B separately. This indi-
cates that the seasonal change in the north extretropic is more obvious than
that on the equator. It follows from the last remainder Rs that the global-
warming effects in the tropic and extretropic regions are very remarkable.
Particularly, in the latest 50 years their total increments attain 0.65◦C and
0.58◦C separately, which are in line with the documented results (Hansen et
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al 2006, 2010).
The feasibility of decomposition is checked in Fig.2. It follows from Fig.2a
that the sum of Mode 2-5 for point A accords well with the known Nin˜o-3.4
index (their correlation coefficient attains 0.84). This indicates the decom-
position by ESMD method is feasible and, except the seasonal and global-
warming signals, the left modes with different time scales all contribute to
the ENSO. The curves in Fig.2b&c display the sum of Mode 3-6 for B and the
sum of Mode 3-5 for A separately. The first one possesses many zero-points
which are the candidates for regime-shift times. Particularly, three of them
accord with the typical regime-shift years 1925, 1947 and 1977 (the results
given here are only about single point and the more objective shifting times
should be judged by the whole spatial-evolution figures). In addition, there
is also a zero-point at 1999 which accords with the shift year given by Henley
et al (2015). We note that, if Mode 3 is abandoned then the zero-points
will differ much from these typical years (the figure is omitted). These con-
sistencies imply that the decomposed Mode 3-6 all contribute to the PDO.
Moreover, it follows from Fig.2c that, coincidentally, these typical years also
almost correspond to regime-shift thresholds for point B. This implies the
existence of synchronous change for the tropic and extretropic regions (As
the grid points A and B concerned, the total correlation coefficient for them
is 0.35).
To apply the “direct interpolating (DI)” approach [the second part of
ESMD method] on the decomposed results it yields the time-period distribu-
tions for the modes in Fig.3. Together with the decompositions for A and B,
this figure further derives a statistic result in Tabel 1. We note that, differing
from the conventional power-spectral methods, the outputted period for the
mode here is not a fixed value anymore, it adjusts with time in an instanta-
neous manner. So the listed period-ranges here are the exact variation ones,
not the estimation-intervals with errors.
It follows from Tabel 1 that, except Mode 1 (the seasonal signal), Mode
6
2 & 3 are the first and second strongest interannual oscillating-components.
Notice that their mean periods to A and B are very closer (2.6 yr vs 2.4 yr
and 5.5 yr vs 5.1 yr), we take the terms “quarter-decadal” and “half-decadal”
as time-scales to differ them. Mode 4 can be seen as a decadal component
whose correlation-coefficient between A and B is higher than the previous
two. As for Mode 5, though its time-scale has some difference on these two
points, it can be seen as an interdecadal variation with rough range 18-40
yr (only in the time-segment 1880-1895, that for B is lower than 18 yr). A
relatively strong correlation between the equator and North Pacific is also
implied by this mode. The last mode is another interdecadal one associated
with point B solely. Its period ranges from 42 to 72 yr (with a mean 50 yr)
which approximates the one in 50-70 yr given by Minobe (1999). Yet, since
the amplitude of it is the smallest one among all the modes, its contribution
to PDO should be the least.
Among all the modes, the half-decadal one is most attractive. It may
be the key component connecting the ENSO and PDO. To retrieve Fig.2b
we see this mode has made great contribution to regime shift. In fact, the
so-called “decadal oscillation” does not exclude the interannual variations.
To trace the source of the highly cited term “ENSO-like” for PDO, it was
firstly proposed to indicate the low-pass oscillating component of leading PC
which is filtered with a threshold 6 yr (Zhang et al 1997). So it is rational
to take the half-decadal mode as a component of PDO.
The duration of 1997-2000 is the most typical episode for ENSO and
PDO since, during this time, there is not only a strong shift from El Nin˜o
to La Nin˜a in the tropic Pacific but also a strong shift from warm to cold
regimes in the North Pacific. By the way, the recent episode 2013-2015 is not
a typical one (the ENSO cycle is half-baked), though there exists a strong
regime-shift (see Fig.2). With respect to this typical episode, the application
of integrated ESMD method yields two series of spatial patterns for them.
The Fig.4 exhibits a time-space evolution of ENSO on the whole Pacific,
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where the conflict between anomalous warm and cold signals is reflected in a
distinct way. The Fig.5 exhibits the similar result for PDO, where only Mode
3 is used. It confirms the saying that the half-decadal mode is a component
of PDO. But there is more to it than this. In fact, as the case concerned, the
so-called “regime shift” of PDO is completely dominated by this mode.
4. Conclusions
The application of ESMD method on monthly-mean SST time series re-
veals two series of temporal modes for one representative grid point on the
equator and another in the North Pacific. Besides the remainder modes
which reflect the global-warming effects, they all possess the modes in sea-
sonal, quarter-decadal, half-decadal, decadal and interdecadal time scales.
As the ENSO concerned, except the seasonal and global-warming signals,
all the left modes make contribution to it. Its key modes are the quarter-
decadal and half-decadal ones. Relatively, the contributions from decadal
and interdecadal modes are very small. This is why the ENSO is commonly
seen as an event with interannual time scale.
As the PDO concerned, the quarter-decadal signal is abandoned as well
as the seasonal and global-warming ones. The time-space evolution figures
confirm that the half-decadal mode is a key component to it. In addition
to this, the decadal and interdecadal modes also have considerable contribu-
tions. This is why the PDO is commonly seen as an event with decadal or
interdecadal time scale.
In addition, the half-decadal mode can be seen as a mutual oscillating-
component for ENSO and PDO and it plays a key part in the so-called
“ENSO-like” variation of PDO.
By the way, enlightened by the shifting between anomalous warm and
cold signals in North Pacific (see Fig.4& 5), we give two conjectures here:
(1) The North Pacific Current (flows from west to east between 35-42◦N) is
probably dominated by the warm Kuroshio Current (from the south) and
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cold Oyashio Current (from the north) in turn with a cycle of about 5 years.
In case the warm water attains the west coast of North America (followed by
cold water near the central North Pacific) the warm regime of PDO occurs.
For the inverse case, it is the cold regime.
(2) In case the southward California Current (at the east boundary) is full of
warm water from Kuroshio Current, it may create an advantageous condition
for the occurrence of El Nin˜o (perhaps by impacting the tropic currents or
by compelling the atmospheric circulation). [On November 24, 2019, I note
that in another article finished on November 20, 2017 with title “Current-
Generating Mechanism for El Nin˜o and La Nin˜a, an Data Evidence Given
by Integrated ESMD Method”, there is a detailed study. The warm water
from the high-temperature sea-area off Central America plays a key part.]
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Table 1: The averaged periods (PA & PB , with unit “yr”) and amplitudes (AA & AB ,
with unit “◦C”) for the modes to points A and B respectively. The corresponding ranges
for them are denoted by RPA, RPB, RAA and RAB. The items in the last column (CAB)
are the correlation coefficients for the modes to A and B.
Modes PA RPA PB RPB AA RAA AB RAB CAB
Mode1 0.7 0.2–1.3 0.9 0.2–1.2 1.26 0.02–2.30 3.50 2.56–4.30 -0.57
Mode2 2.6 0.8–5.6 2.4 0.9–4.5 0.83 0.00–2.06 0.45 0.01–1.62 0.32
Mode3 5.5 2.6–8.9 5.1 2.6–8.1 0.56 0.02–1.43 0.33 0.03–1.29 0.35
Mode4 13 8–17 11 6–19 0.32 0.16–0.59 0.27 0.02–0.57 0.46
Mode5 30 24–39 22 13–33 0.25 0.16–0.43 0.29 0.16–0.73 0.54
Mode6 – – 50 42–72 – – 0.20 0.03–0.45 –
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Figure 1: Part of the decomposition result for the SST to grid point A (0◦, 130◦W) by
ESMD method. “Data” denotes the raw SST data, Mode 1-5 are the decomposed modes.
Here the vertical axes possess the same unit ◦C.
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Figure 2: Feasibility of the decompositions by ESMD method. a: the comparison between
the sum of Mode 2-5 for point A (thick curve) and the known Nin˜o-3.4 index (the average
SST anomaly in the region bounded by 5◦N- 5◦S from 170◦W to 120◦W, denoted by a
thin curve); b and c display the sum of Mode 3-6 for point B and that of Mode 3-5 for
point A separately. The four vertical dashed lines correspond to the selected zero-points
in b.
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Figure 3: Period distributions of the modes along the time. a and b are associated with
points A and B separately. In each subgraph the 5 curves from below to above correspond
to Mode 1-5 accordingly (that for Mode 6 to B is omitted here). The thickest curves here
denote the variations of mutual key mode for ENSO and PDO with half-decadal time
scale.
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Figure 4: A series of spatial patterns given by the integrated ESMD method which reflect
the evolution process of ENSO. Here only the seasonal and global-warming signals are
abandoned. The color bar has a unit ◦C.
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Figure 5: A series of spatial patterns given by the integrated ESMD method which reflect
the evolution process of PDO’s regime-shift. Here only the half-decadal mode (Mode 3)
is used. The locations of the lower and upper circles correspond to grid points A (0◦,
130◦W) and B (42◦N, 130◦W) separately. The color bar has a unit ◦C.
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